An on-package dual-mode square-loop band pass filter is studied by applying a non-uniform finite difference time domain (NU-FDTD) method. The filter is integrated on a package containing a transceiver, and it is designed to operate in dual-modes, i.e., TM z 100 and TM z 010 , to ensure a good electric performance around the center frequency at 5.25 GHz, which is commonly allocated in wireless local area network (WLAN). This filter is also referred as a dual-mode integrated-circuit package filter (DM-ICPF) based on its operational mode and integration onto an IC-package. The frequency characteristics in terms of the scattering parameters are studied, and the results are validated against the computed results using commercial software, the high frequency structure simulator (HFSS). Results show an excellent agreement between the numerical data, and the proposed DM-ICPF structure can be applied in the area of the highly integrated wireless transceivers.
Introduction
There have recently been a number of studies in the area of highly integrated wireless transceivers due to a high demand in communications and electronic engineering. The types of transceivers are mainly categorized as the single-chip and the single-package transceivers, as presented in [1] , [2] . In view of applications, it is suggested that the transceivers must be physically compact while being able to exhibit good electrical performance.
Filters play an important role in many electronic systems. In wireless local area network (WLAN) applications, the operating frequencies are usually allocated at 2.4 GHz or 5.25 GHz, respectively. It is thus desirable to design a filter device that can effectively extract desired signals into a transceiver, while to satisfy simultaneously the requirements on electrical performance and physical dimensions, as well as robustness, reliability, low-cost and miniaturization in general.
In terms of physical miniaturization, microstrip patch techniques are adopted in the research, where filters are realized using planar printed microstrip patches over a supporting substrate, since such techniques satisfy the miniaturization requirement on single-package transceiver applications and are easy for fabrications. In addition, previous research [3] has found that the dual-mode microstrip patch filters perform superiorly than using single-mode counterparts, and some performances have been demonstrated in microwave areas [4] - [6] . Thus, it would be advantageous to embed an effective dual-mode microstrip filter into a highly integrated wireless transceiver to form a sophisticated compact system. Hence, in this paper, an on-package dual-mode band pass filter, operating at 5.25 GHz, is proposed. It is designed to operate in dual-modes simultaneously to ensure good filtering performance at the center frequency. While the filter shape in general is similar to the one demonstrated in [6] , the filter features with a "cavity-down" layout, in which the filter and transceiver parts are shared with a common ground plate that effectively separates the electromagnetic interference (EMI) between the two components. As a result, the overall structure becomes more physically compact, while the electrical performance is maintained. Such filters are referred as dual-mode integrated-circuit package filters (DM-ICPF).
An in-house computer solver has been developed for the studies, which is based on a non-uniform finite difference time domain (NU-FDTD) [7] , [8] , due to its flexibility and accuracy in modeling complex geometries [9] , [10] . The S-parameters are extracted for analysis. The results are then compared with the computed results using the commercial software, the high frequency structure simulator (HFSS) [11] . It has been found that the results match each other excellently, and the proposed DM-ICPF structure can be well applied into the area of the on-package highly integrated wireless transceiver systems.
Theory

Dual-Mode Filter Design
Design of single-mode microstrip filters, such as broad side edge coupled filters, has been long established. However, single-mode filters have limited applications in microwave areas due to their low performance in terms of insertion loss and narrow bandwidth in pass-band regions.
Hence, to improve the filter performance, the dualmode microstrip resonating filters are more commonly adopted. The basic idea is to constructively couple two resonating modes, TM [3] . However, the resonating frequency was obtained using approximations on the cavity theory in waveguide analysis, and this technique is applicable only in very simple geometric shapes such as a plain rectangular patch or a circular patch.
In order to model and realize complicated filter structures, different approaches of numerical analysis are needed. The method of moment (MoM) has been applied in literatures [5] , [6] . On the other hand, there have been reports on the use of finite element method (FEM) [12] . Both methods yield good results on filter performance.
Herein, it is a novel idea to apply the non-uniform finite difference time domain (NU-FDTD) method [7] , [8] to study the dual-mode filter structures. The method processes the advantages of flexibility and capability to handle complex structures, and it offers a broad frequency band computation. Based on the dual-mode concept given in [3] , the square-loop DM-ICPF structure is designed with an operating frequency at 5.25 GHz for studies.
FDTD Setup
In this research, all supporting substrates are lossy materials with the following dielectric parameters: ε r = 9.7, µ r = 1 and tan δ = 0.001. All conducting strips and the ground plate are assumed to be infinitesimally thin copper, with a conductivity of σ e = 3.7 × 10 +7 S/m. In NU-FDTD analysis, the filter structure is spatially discretized by sets of fine grids that gradually vary in all directions. The grid size is ranged between 0.10 mm and 0.20 mm.
In order to efficiently truncate the infinite computational space, an unsplit anisotropic perfectly matched layer (UA-PML) technique [13] is adopted as the absorbing boundary condition (ABC) treatment. The temporal grid size is determined by the Courant's condition [7] , [8] , and sufficient number of steps is required to obtain a steady state of the filters through the time domain computations.
Filter Configurations
The proposed DM-ICPF structure is incorporated with a transceiver as given in Fig. 1 .
The combined structure is built in mainly three layers, of a dimensional size L × W × (h 0 + h 1 + h 2 ). The bottom layer is a solder-ball layer, which is to be attached to the circuit board. The middle layer consists of a cavity of a sectional area L 1 × W 1 in which the transceiver of dimensions L T × W T × h 1 is located. The ring substrate ε r1 is filled with a series of signal traces on each side. The dual-mode filer is printed on the surface of substrate ε r0 (not shown in Fig. 1) . The filter and the transceiver share a common ground plane along the substrate interface. This layout, known as "cavitydown," helps improve the overall performance of the structure because the ground plate minimizes the electromagnetic interferences between the filter and the transceiver.
The DM-ICPF has a planar configuration shown in Fig. 2 . The filter comprises a square loop, while input and output are coupled using a T-shaped strip, respectively, and they are formed at a 90-degree difference. The filter is symmetric to the diagonal of the whole structure as seen in Fig. 2 . Dualmodes are realized through an additional triangular strip at the top-right inner corner of the loop. In conventional FDTD analysis, this can be modeled using staircase approximations.
Design Guidelines
Design of the DM-ICPF involves a series of empirical trials through fine adjustments of the filters parameters. For simplicity reason, the dimensions of layer 3 are fixed throughout the trials. Since the structures adopt "cavity-down" layout with a shared common ground, the transceiver, signal traces and solder balls in the layers underneath the common ground plane have almost no effects on the filter performance.
Guidelines for this square-loop DM-ICPF is relatively straightforward, as it is seen that the loop-size is inversely proportional to the resonant frequency f 0 , while an increase of the triangular patch at the top-right corner of the square loop affects inversely the f 0 and the matching performance.
Thus, through a repeated series of empirical trials and parameter adjustments, a DM-ICPF structure, which is optimized based on its electrical performance and physical dimensions, is proposed as given in Fig. 2 . 
Numerical Results
The proposed DM-ICPF is now taken for analysis. The NU-FDTD method together with the UA-PML technique [13] is applied to the DM-ICPF through non-uniform sets of grids whose setup details are given in Fig. 2 . The frequency characteristics in terms of the scattering parameters are studied. The HFSS [11] , which is a finite element method (FEM) based software, has also been applied to the DM-ICPF structures for analysis. The corresponding results are then compared to each other for validation studies. Figure 3 displays the S-parameter spectra between the results using NU-FDTD and HFSS for the proposed DM-ICPF. An excellent agreement between the two numerical methods is observed. The computed center frequency matches the desired 5.25 GHz very closely. The return loss has a magnitude of less than −20 dB at the range around the resonant frequency, while the insertion loss has a magnitude of around −1 dB. The filter shows a very good performance based on its dual-mode operation, and the results illustrate that the NU-FDTD method is suitable for the design task of the DM-ICPF.
Conclusions
An on-package square-loop DM-ICPF structure was studied using a NU-FDTD method. The filter was designed to operate in dual-modes for enhancement of the electric performance around the resonant frequency, and was successfully integrated onto an IC-package using a shared ground plane under the "cavity-down" layout. The scattering parameters were studied, and the results were compared with the computed results using the FEM-based HFSS software. It was found that both results match each other very well.
The proposed DM-ICPF structure possesses the advantages of physical compactness with good electric performance. The cavity-down layout on the transceiver ensures the overall performance of the structure as the commonly shared ground plate minimizes the electromagnetic interferences between the filter and the transceiver, while providing a level of miniaturization. The idea of integration with an IC-package is deemed as a good application in the area of the on-package highly integrated wireless transceivers. Studies also confirm that the NU-FDTD is a robust, versatile and powerful computational tool, which is deemed suitable for design and analysis of such complicated DM-ICPF structures.
